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DObjective: A recent Society of Thoracic Surgeons database study showed that low weight (<2.5 kg) at surgery
was associated with high operative mortality (16%). We sought to assess the outcomes after cardiac repair in
patients weighing<2.5 kg versus 2.5 to 4.5 kg in an institution with a dedicated neonatal cardiac program
and to determine the potential role played by prematurity, the Society of Thoracic Surgeons-European Associ-
ation for Cardio-Thoracic Surgery (STAT) risk categories, uni/biventricular pathway, and surgical timing.
Methods: We analyzed the outcomes (hospital mortality, early reintervention, postoperative length of stay,
mortality [at the last follow-up point]) in patients weighing<2.5 kg at surgery (n ¼ 146; group 1) and 2.5 to
4.5 kg (n ¼ 622; group 2), who had undergone open or closed cardiac repairs from January 2006 to
December 2012 at our institution. The statistical analysis was stratified by prematurity, STAT risk category,
uni/biventricular pathway, and usual versus delayed surgical timing. Univariate versus multivariate risk analysis
was performed. The mean follow-up was 21.6  25.6 months.
Results: Hospital mortality in group 1 was 10.9% (n ¼ 16) versus 4.8% (n ¼ 30) in group 2 (P ¼ .007). The
postoperative length of stay and early unplanned reintervention rate were similar between the 2 groups. Late
mortality in group 1 was 0.7% (n¼ 1). In group 1, early outcomes were independent of the STAT risk category,
uni/biventricular pathway, or surgical timing compared with group 2. A lower gestational age at birth was an
independent risk factor for early mortality in group 1.
Conclusions: A dedicated multidisciplinary neonatal cardiac program can yield good outcomes for neonates and
infantsweighing<2.5 kg independently of theSTATrisk category anduni/biventricular pathway.A lowergestational
age at birth was an independent risk factor for hospital mortality. (J Thorac Cardiovasc Surg 2014;148:2499-506)See related commentary on pages 2506-7.Supplemental material is available online.
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The Journal of Thoracic and Carcardiac surgery.1 A Society of Thoracic Surgeons (STS)
Congenital Heart Surgery Database study, with 32 partici-
pating centers, recently demonstrated that the average opera-
tive mortality rate in patients with a low weight (2.5 kg) at
surgery was as high as 16%.2 Moreover, the risk factors for
mortality and reintervention in that specific population are still
controversial.3-10 To our knowledge, the potential role played
by the Society of Thoracic Surgeons-European Association
for Cardio-Thoracic Surgery (STAT) risk categories, the uni/
biventricular pathway, timing of surgery, and gestational age
were never investigated in a study directly comparing 2
groups of patients (those weighing 2.5 kg and those
weighing>2.5 kg). Thus, the objectives of our study were to
(1) assess the early and mid-term outcomes of cardiac repair
in patients weighing2.5 kg in an institutionwith a dedicated
neonatal cardiac program; (2) compare these resultswith those
of patients weighing 2.5 to 4.5 kg undergoing surgery at the
same institution; (3) determine the potential role played by
gestational age, STAT risk category, uni/biventricular
pathway, and timing of surgery; and (4) perform univariate
and multivariate risk analysis of the group weighing2.5 kg.
METHODS
The present retrospective single-center study included patientswho hadun-
dergone open or closed cardiac surgery at the NewYork-PresbyterianMorgandiovascular Surgery c Volume 148, Number 6 2499
Abbreviations and Acronyms
ANOVA ¼ analysis of variance
STAT ¼ Society of Thoracic Surgeons-European
Association for Cardio-Thoracic Surgery
STS ¼ Society of Thoracic Surgeons
TOF ¼ tetralogy of Fallot
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DStanley Children’s Hospital, Columbia University Medical Center, from
January 2006 to December 2012 with a weight of 2.5 kg at surgery (group
1) or 2.5 to 4.5 kg (group 2). The patients who underwent ductus arteriosus
closure alone were not included in the present study. The perioperative data
were retrospectively collected by reviewing the hospital records and the
computerized database of our department. Follow-up data were obtained
from the institution outpatient records and the same computerized database.
The dedicated neonatal cardiac program offers care to neonates or
young infants with congenital heart disease from birth to discharge.
A dedicated medical and nursing team staff this program and included
members from the neonatal intensive care, pediatric cardiology, and
pediatric cardiac surgery divisions. The practitioners on this team
had either received advanced training in pediatric cardiac intensive care
and/or had an advanced understanding and were skilled in the management
of newborn infants with congenital heart disease. Dedicated neonatal
cardiac intensive care nurses and neonatal nurse practitioners, neonatal
respiratory therapists, and neonatal nutritionists and feeding specialists
staffed the neonatal cardiac intensive care unit. Patients who were born
at our institution or transferred from outside medical centers with known
or suspected congenital heart disease were admitted to the neonatal cardiac
intensive care unit of the neonatal intensive care unit. Although no clear cut
restrictions to admission to the neonatal cardiac intensive care unit were in
place, infants>6 to 8 weeks of age at transfer or admission were preferably
admitted to our pediatric cardiac intensive care unit.
The STAT risk categories, uni/biventricular pathway, and timing of
surgery were assigned for each patient included in the present study. The
STAT risk categories were determined from the definition of the categories
established byO’Brien and colleagues.11 The surgical pathwaywas defined
as ‘‘univentricular’’ (Norwood procedure, aortopulmonary shunt,
pulmonary artery band, and/or atrial septectomy performed for single
ventricle disease), ‘‘biventricular’’ (primary biventricular complete repair),
or ‘‘palliation toward biventricular’’ (systemic-pulmonary shunt, pulmo-
nary artery band, unifocalization, and/or transannular patch as a first step
before biventricular repair). The timing of surgery was defined as ‘‘usual’’
(determined from usual divisional management paradigms for infants of
normal weight) or ‘‘delayed’’ (intentional delay of early intervention or
unusual choice of a palliative approach to permit growth or maturation),
as previously described by Hickey and colleagues.12 This adjudication
of the surgical timing was determined from an accurate and precise
retrospective medical record review by the senior coauthors (D.K., E.B.).
The mean age at surgery for patients with the usual timing of surgery
was 10.9 11.9 days versus 50.6 36 days for those with delayed surgery.
The primary endpoint was mortality occurring before hospital discharge
or within 30 days postoperatively. The secondary endpoints were the post-
operative hospital length of stay (LOS), unplanned early reintervention
(during the same hospital stay), and late mortality. The institutional review
board of Columbia University Medical Center approved the study.Population
A total of 146 and 622 patients were included in groups 1 and 2,
respectively. The demographic and surgical characteristics, cardiac
diagnoses, STAT categories, surgical pathway, and timing of surgery of both
groups are listed in Table 1. Of the patients in group 1, 70% (n ¼ 102) had2500 The Journal of Thoracic and Cardiovascular Sura STAT 4 or 5 risk category, 63% (n ¼ 92) a biventricular pathway, and
18.5% (n ¼ 27) delayed timing. Compared with group 2, group 1 was
characterized by a statistically significant lower male/female ratio
(P ¼ .01), older age at surgery (P<.001), more patients with tetralogy of
Fallot (TOF) (P ¼ .006), and more with an aortopulmonary window
(P ¼ .02) but fewer with simple transposition of the great arteries (P ¼ .04),
more with STAT 2 category (P ¼ .01), and a shorter bypass time (P ¼ .01).
Singleventricles, right-side heart lesions, aortic arch lesions, and transposition
of the great arteries were the most frequent group of diseases in both groups.
Patients in group 1 had extracardiacmalformations and a genetic syndrome in
18.4% and 13% of cases, respectively. The mean gestational age at birth for
patients in group 1 was 35.5  2.8 weeks. In group 1, 56% of the patients
(n ¼ 82) were premature (<37 weeks) and 42% (n ¼ 61) had a gestational
age of<36 weeks. Also, 42% were small for their gestational age (defined
as<10th percentile). In group 1, 41% (n ¼ 33) of the STAT 4 patients had
a gestational age of<36 weeks compared with 25% (n ¼ 6) of the STAT 5
patients (P ¼ .15). Of the patients who underwent a univentricular pathway
in group 1, 22% (n ¼ 9) had a gestational age of<36 weeks versus 48%
(n ¼ 44) of those with a biventricular pathway (P ¼ .007) and 61% (n ¼ 8)
of those with palliation toward biventricular repair (P ¼ .014).
The frequencies of the main procedures in groups 1 and 2 are listed in
Table E1. The 4 most frequent procedures performed in group 1 were the
Norwood procedure (n ¼ 25; 17%), the arterial switch operation
(n¼ 13; 8.9%), primary repair of TOF (n¼ 12; 8.2%), and shunt palliation
or unifocalization for TOF or pulmonary atresia with a ventricular septal
defect (n¼ 12; 8.2%). The latter procedurewas performedmore frequently
in group 1 (8.2%; n ¼ 12) than in group 2 (3.2%; n ¼ 20; P ¼ .01). The
frequency of all other procedures was not significantly different between
the 2 groups. Of the patients who underwent a Norwood procedure in group
1, 20% (n ¼ 5) had a gestational age of<36 weeks versus 62% (n ¼ 5) of
those who underwent hypoplastic aortic arch repair (P ¼ .036).Statistical Analysis
Descriptive statistics were performed and stratified by weight of 2.5 kg
versus>2.5 kg. Bivariate testing by weight category for demographic and
surgical characteristics and for the outcomes of hospital mortality,
postoperative hospital LOS, early unplanned reintervention, and late
mortality was performed for categorical variables using Fisher’s exact test
or the chi-square test and for continuous variables using the Student t test,
the Wilcoxon rank sum test, analysis of variance (ANOVA), or the
Kruskal-Wallis test. Multiple comparisons were explored using Tukey’s test.
Trends for ordinal independent variables were performed using P for trend
(ANOVA) or the Cochran-Armitage test for trend. Comparisons between
the endpoints and demographic and surgical characteristics between the
weight categories were performed using the Cochran Mantel-Haenszel or
2-way ANOVA, first testing for interaction with the Breslow-Day test or by
creating interaction terms in 2-way ANOVA. The statistical analysis was
stratified by the STATrisk categories, surgical pathway, and timing of surgery.
A risk analysis was performed for the endpoints of early mortality and
early unplanned reintervention in group 1. Univariate analysis was
performed for the categorical variables using Fischer’s exact test or the
chi-square test and for continuous variables using the Student t test or
Mann-Whitney U test. Multivariate analysis was performed using a logistic
regression model to estimate the risk factors for early mortality and early un-
planned reintervention. Variables were included into the model by backward
elimination if P<.05. The adjustment factors for multivariate analysis were
the surgeon, STAT score, procedure type (uni/biventricular), and gestational
age at birth. Postoperative complicationswere defined as1 of the following
postoperativemajor events: cardiac arrest, extracorporealmembrane oxygen-
ation, arrhythmia, atrioventricular block requiring a pacemaker, diaphragm
paralysis, atelectasis, pleural effusion requiring thoracocentesis, respiratory
failure, seizure, cerebrovascular event, renal failure requiring dialysis, necro-
tizing enterocolitis,mediastinitis, or any septic syndrome. Statistical Analysis
Systems, version 9.3 (SAS Institute, Cary, NC), was used for data analysis.gery c December 2014
TABLE 1. Patient characteristics and overall outcomes
Variable
Group 1
(<2.5 kg;
n ¼ 146)
Group 2
(2.5-4.5 kg;
n ¼ 622)
P
value
Male sex 71 (49) 377 (60.7) .01*
Birth weight (kg) 2.1  0.4 3.1  0.5 NAy
Weight at surgery (kg) <.001*
Mean  SD 2.2  0.3 3.2  0.4
Range 1.1-2.50 2.51-4.4
Age at surgery (d) <.001*
Mean  SD 18.2  24.2 10.1  15.3
Range 1-193 0-215
Proportion of neonates
(age,<31 d)
112/146 (76) 592/622 (95)
Cardiac diagnoses
Single ventricle 38 (26.1) 190 (30.5) .27
HLHS 21 (14.4) 126 (20.2) .13
Tricuspid atresia 6 (4.1) 18 (2.9) .42
Double-inlet left ventricle 5 (3.4) 23 (3.7) 1
Unbalanced AVSD 3 (2.1) 11 (1.8) .72
Heterotaxy syndromes 2 (1.4) 11 (1.8) .75
Single ventricle, NOS 1 (0.7) 1 (0.6) 1
Right heart lesions 30 (20.5) 71 (11.4) .006*
Tetralogy of Fallot 17 (11.6) 30 (4.8) .006*
Pulmonary atresia, VSD 7 (4.8) 20 (3.2) .61
Pulmonary atresia, no VSD 4 (2.7) 18 (2.9) .57
Pulmonary stenosis 2 (1.4) 3 (0.5) .32
Aortic arch lesions 22 (15) 112 (18) .78
Interrupted aortic arch 6 (4.1) 23 (3.7) .18
Coarctation of aorta þ
hypoplastic arch
8 (5.5) 57 (9.2) .24
Coarctation of aorta þ VSD 8 (5.5) 32 (5.1) .63
TGA 22 (15) 134 (21.5) .13
TGA, intact ventricular
septum
13 (8.9) 85 (13.7) .045*
TGA, VSD 8 (5.5) 33 (5.3) .83
TGA, VSD, aortic arch
hypoplasia
1 (0.7) 13 (2.1) .33
ccTGA 0 3 (0.5) 1
VSD 9 (6.2) 19 (3) .15
Truncus arteriosus 8 (5.5) 14 (2.2) .06*
TAPVR 9 (6.2) 47 (7.6) .37
AVSD 2 (1.4) 4 (0.6) .41
Aortopulmonary window 4 (2.7) 1 (0.16) .02*
Ebstein anomaly 1 (0.7) 1 (0.16) .09
Double outlet right ventricle 0 16 (2.6) .07
Cardiac tumor 1 (0.7) 5 (0.8) 1
Aortic stenosis 0 6 (1) NA
Coronary anomalies 0 2 (0.3) 1
Pathway
Univentricular surgery 41 (28.1) 208 (33.9) .2
Palliation toward biventricular
repair
13 (8.9) 48 (7.7) .73
Biventricular repair 92 (63) 365 (58.6) .37
Timing of surgery NA
Usual 119 (81.5) 622 (100)
Delayed 27 (18.5) 0 (0)
(Continued)
TABLE 1. Continued
Variable
Group 1
(<2.5 kg;
n ¼ 146)
Group 2
(2.5-4.5 kg;
n ¼ 622)
P
value
STAT risk category
1 10 (6.8) 23 (3.7) .11
2 16 (11) 32 (5.1) .013*
3 18 (12.3) 115 (18.5) .09
4 78 (53.4) 308 (49.5) .4
5 24 (16.4) 144 (23.1) .095
Open heart cases 138 (94.5) 569 (91.5) .3
Bypass time (min) 114  46 123  44 .011*
Crossclamp time (min) 52  22 57  30 .11
Early mortality 16 (10.9) 30 (4.8) .0069
Postoperative LOS (d) 20.3  24.5 19.6  24.7 .46
Early reintervention 9 (6.2) 31 (4.9) .55
Mortality at last follow-up visit 1 (0.7) 18 (3) .15
Data presented as mean  SD or n (%), unless noted otherwise. SD, Standard
deviation; HLHS, hypoplastic left heart syndrome; AVSD, atrioventricular septal
defect; NOS, not otherwise specified; VSD, ventricular septal defect; TGA, transposi-
tion of the great arteries; ccTGA, congenitally corrected TGA; TAPVR, total
anomalous pulmonary venous return; LOS, length of stay; NA, not applicable;
STAT, Society of Thoracic Surgeons-European Association for Cardio-Thoracic Sur-
gery. *Statistically significant. yMissing birth weight data in group 2 made the com-
parison not methodologically acceptable.
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DRESULTS
The overall outcomes are listed inTable 1.Hospitalmortal-
itywas significantly greater ingroup1 than in group 2 (10.9%
vs 4.8%; P¼ .0069). The cause of hospital death in group 1
was related to heart failure in 12, respiratory failure in 2, and
sepsis in 2. The postoperative hospital LOS, early unplanned
reintervention rate, and mortality at the last follow-up point
were similar between the 2 groups. Late mortality in patients
weighing<2.5 kg was 0.7% (n¼ 1).Outcomes Stratified by Gestational Age, STAT Score,
Surgical Pathway, and Surgical Timing
The outcomes in patients weighing<2.5 kg, stratified by
gestational age, STAT score, surgical pathway, and surgical
timing are presented in Table 2. In group 1, each outcome
was independent of the STAT risk category, uni/biventricular
pathway, or timing of surgery. Hospital mortality was 8.3%
(n¼ 2) for those in the STAT 5 category and 12.2% (n¼ 5)
for the patients in the univentricular pathway. Hospital mor-
tality was 9.2% (n¼ 11) when the surgical timing was usual
versus 18.5% (n ¼ 5) when surgery was delayed to allow
growth andmaturation of the patient (P¼ .18). Hospitalmor-
tality was significantly associated with a gestational age of
<36 weeks (18% vs 5.8%; P ¼ .03; Table 2).
The outcomes of the patients weighing>2.5 kg, stratified
by STAT score and surgical pathway showed that the early
mortality rate and postoperative hospital LOS were
significantly increased in the higher STAT categories
(P < .001 and P ¼ .007, respectively). Early mortality,
postoperative hospital LOS, and early unplanneddiovascular Surgery c Volume 148, Number 6 2501
TABLE 2. Outcomes of surgery in patients<2.5 kg stratified by STAT score, uni/biventricular pathway, and surgical timing
STAT risk category 1 2 3 4 5 P value
Early mortality 0/10 3/16 (18.7) 1/18 (5.6) 10/78 (12.8) 2/24 (8.3) .53
Postoperative LOS (d) 17.7  13.8 24.8  27.1 13.5  9 20.6  27.8 22.8  22.6 .68
Early reintervention 0/10 1/16 (6.2) 1/18 (5.6) 6/78 (7.7) 1/24 (4.2) .93
Surgical pathway Biventricular Palliation toward biventricular Univentricular P value
Early mortality 9/92 (9.8) 2/13 (15.4) 5/41 (12.2) .8
Postoperative LOS (d) 20.5  26.1 16.2  9.8 21  24.2 .97
Early reintervention 4/92 (4.3) 2/13 (15.4) 3/41 (7.3) .28
Surgical timing Usual Delayed P value
Early mortality 11/119 (9.2) 5/27 (18.5) .18
Postoperative LOS (d) 20.8  26 18.2  16.5 .85
Early reintervention 7/119 (5.9) 2/27 (7.4) .67
Gestational age (wk) <36 36 P value
Early mortality 11/61 (18) 5/85 (5.8) .03*
Postoperative LOS (d) 24.2  31.6 18.7  19.8 .21
Early reintervention 1/61 (1.6) 8/85 (10.3) .08
Data presented as n (%) or mean  standard deviation. LOS, Length of stay; STAT, Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery. *Statis-
tically significant.
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Dreintervention were also significantlymore frequent with the
univentricular pathway than with the biventricular pathway
(P<.001 for each outcome). In group 2, hospital mortality
was 10.4% (n ¼ 15) for those in the STAT 5 category and
9.9% (n¼ 21) for the patients in the univentricular pathway.
Comparative Analysis of Outcomes Between Groups
1 and 2 by Diagnosis and Procedure Group, STAT
Score, and Surgical Pathway
The mortality rates stratified by diagnosis and procedure
group between groups 1 and 2 are listed in Table 3. The mor-
tality ratewas significantly greater in group 1 after aortic archTABLE 3. Comparative analysis of mortality rates stratified by diagnosis
Diagnosis/procedure
Single ventricle/Norwood 10
Single ventricle/conduit or shunt
Single ventricle/PA band 6
TGA, IVS/ASO
TGA, VSD/ASO þ VSD closure 2
TAPVR/repair 7
Coarctation hypoplastic arch/aortic arch repair through sternotomy
Coarctation, VSD/aortic arch þ VSD repair 2
Interrupted aortic arch/repair 3
Truncus arteriosus/repair 4
TOF/primary repair 4
TOF/shunt palliation 6
Aortopulmonary window/repair
Cardiac tumor/resection 16
Pulmonary stenosis/repair
Data presented as% (n/n). PA, Pulmonary artery; TGA, transposition of the great arteries;
defect; TAPVR, total anomalous pulmonary venous return; TOF, tetralogy of Fallot. *Stat
2502 The Journal of Thoracic and Cardiovascular Surrepair (for a hypoplastic arch) than in group 2 (25% vs 0%;
P¼ .02). Also, a trendwas seen for greater mortality in group
1 than in group 2 after total anomalous pulmonary venous re-
turn repair (22.2% vs 4.3%; P¼ .15), aortopulmonary shunt
for TOF (16.7% vs 0%; P¼ .16), and arterial switch associ-
ated with ventricular septal defect closure (12.5% vs 0%;
P¼ .21). Mortality was similar after the Norwood procedure
(8% in group 1 vs 10.6% in group 2; P¼ 1.00) or any palli-
ative procedure for a single ventricle. No death occurred in
patients weighing<2.5 kg after the arterial switch operation
(0 of 13), interrupted aortic arch repair (0 of 6), truncus
arteriosus repair (0 of 7), and pulmonary stenosis (0 of 2).and procedure for both groups
Mortality rate
P valueOverall <2.5 kg 2.5-4.5 kg
.2 (17/166) 8 (2/25) 10.6 (15/141) 1.00
11 (5/45) 22.2 (2/9) 8.3 (3/36) .30
.7 (1/15) 0 (0/3) 8.3 (1/12) 1.00
1 (1/98) 0 (0/13) 1.2 (1/85) 1.00
.4 (1/41) 12.5 (1/8) 0 (0/33) .21
.1 (4/56) 22.2 (2/9) 4.3 (2/47) .15
3 (2/65) 25 (2/8) 0 (0/57) .02*
.5 (1/40) 12.5 (1/8) 0 (0/32) .22
.6 (1/28) 0 (0/6) 4.3 (1/23) 1.00
.8 (1/21) 0 (0/7) 7.1 (1/14) 1.00
.8 (2/42) 8.3 (1/12) 3.3 (1/30) .51
.2 (2/32) 16.7 (2/12) 0 (0/20) .16
20 (1/5) 25 (1/4) 0 (0/1) 1.00
.7 (1/6) 100 (1/1) 0 (0/5) .28
20 (1/5) 0 (0/2) 33 (1/3) 1.00
IVS, intact ventricular septum; ASO, arterial switch operation; VSD, ventricular septal
istically significant.
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TABLE 4. Comparative analysis of mortality rates stratified by STAT score and surgical pathway
Variable
Mortality rate
Risk ratio (95% CI) P value<2.5 kg (n ¼ 146) 2.5-4.5 kg (n ¼ 622)
STAT risk category
1 0/10 1/23 (4.3) NA NA
2 3/16 (18.8) 1/32 (3.1) 6 (0.67-53.2) .1
3 1/18 (5.6) 1/115 (0.87) 6.4 (0.42-98) .25
4 10/78 (12.8) 12/308 (3.9) 3.3 (1.48-7.33) .005*
5 2/24 (8.3) 15/144 (10.4) 0.8 (0.19-3.3) 1
Surgical pathway
Biventricular 9/92 (9.8) 8/365 (2.2) 4.4 (1.8-11.2) .02*
Palliation toward biventricular 2/13 (15.4) 1/48 (2) 7.4 (0.73-75.2) .11
Univentricular 5/41 (12.2) 21/208 (10) 1.2 (0.5-3.1) .77
Data presented as n/n (%). CI, Confidence interval; NA, not applicable; STAT, Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery. *Statistically
significant.
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DHospital mortality between groups 1 and 2, stratified by
the STAT score and surgical pathway, is listed in Table 4.
After such a stratification, the inverse association between
infant weight and hospital mortality persisted only in the
STAT 4 category subgroup (12.8% in group 1 vs 3.9% in
group 2; P ¼ .005) and in the biventricular strategy
subgroup (9.8% vs 2.2%; P ¼ .02).
The postoperative LOS stratified by the surgical
strategy was significantly longer in group 1 (20.5  26.1
days) than in group 2 (18.4  16.3 days) after biventricular
repair only (P¼ .02). The absence of an association between
weight and early unplanned reintervention persisted after
stratification by STAT risk category and surgical strategy.Risk Analysis
The results of the risk analysis for early mortality in
patients weighing<2.5 kg are listed in Table 5. The main
factors associated with an increased risk of early mortality
on univariate analysis included lower gestational age at
birth (P ¼ .013), the occurrence of postoperative complica-
tions (P<.0001), cardiac arrest (P<.0001), renal failure
requiring dialysis (P ¼ .004), and atrioventricular block
requiring a pacemaker (P¼ .03). Birthweight, the presence
of major extracardiac malformations, a genetic syndrome,
patient age and weight at surgery, the STAT score, surgical
strategy, surgical timing, the surgeon, and the need for an
unplanned early reintervention were not associated with
an increased risk of hospital mortality. Multivariate analysis
demonstrated that lower gestational age at birth (OR, 0.83;
95% confidence interval, 0.69-0.98) was an independent
risk factor for early mortality.
The risk analysis for unplanned early reintervention in
patients weighing<2.5 kg showed that the occurrence of
postoperative complications was an independent risk
factor for early reintervention (OR, 18.9; 95% confidence
interval, 2.2-160). However, early reintervention in patients
weighing<2.5 kg was independent of the surgeon, STAT
score, and surgical strategy.The Journal of Thoracic and CarDISCUSSION
Although a weight of<2.5 kg at surgery remains a risk
factor for early mortality, a dedicated neonatal cardiac
program can yield good early and mid-term outcomes
for low-weight neonates or infants independently of the
STAT risk category and surgical strategy. A lower
gestational age at birth was an independent risk factor for
early mortality in neonates or infants weighing<2.5 kg at
surgery.
Despite major progress in neonatal cardiac surgery and
postoperative care during the past 20 years, a low weight
at surgery remains associated with high mortality rates
(10%-24%) and high morbidity rates.3,7,10,13-16 A recent
study from Philadelphia, with patient demographics very
similar to ours, reported a 24% hospital mortality rate for
patients weighing<2.5 kg.3 Another recent and large report
of the STS Congenital Heart Surgery Database analyzed the
outcomes of cardiac surgery in>500 infants weighing 1 to
2.5 kg from 32 participating centers.2 That study
demonstrated that this low-weight cohort had significantly
greater mortality for specific operations and that lower
weight consistently increased the risk of mortality after
stratification by risk category.
Our series has confirmed that a weight of<2.5 kg at
surgery remains a risk factor for early mortality, with a
hospital mortality rate of 10.9%. The rate of early
unplanned reintervention was not significantly different
between patients weighing<2.5 kg and>2.5 kg, suggesting
that the technical surgical factors that might occur in tiny
neonates were not the primary cause of the greater mortality
seen in the<2.5-kg patients. This was further buttressed
because factors such as the STAT risk categories, surgeon,
and bypass time also were not related to mortality or early
reintervention. Several technically complex procedures
such as the arterial switch operation, interrupted aortic
arch repair, or truncus arteriosus repair were performed,
with no hospital mortality in the <2.5-kg patients. The
expertise and the major role played by the surgical anddiovascular Surgery c Volume 148, Number 6 2503
TABLE 5. Risk analysis for earlymortality in patientsweighing<2.5 kg
Variable
Survivors
(n ¼ 130)
Early
death
(n ¼ 16)
P
value
Univariate risk analysis
Gestational age (continuous) (wk) 35.7  2.8 34  2.7 .013*
Gestational age<36 wk 50 (38.5) 11 (68.8) .03*
Prematurity (gestational age
<37 wk)
70 (53.8) 12 (75) .12
Birth weight (kg) 2.13  0.43 2.02  0.44 .22
AGA 71 (54.6) 10 (62.5) .26
SGA 57 (43.8) 5 (31.3)
LGA 2 (1.5) 1 (6.3)
Antenatal diagnosis 84 (64.6) 11 (68.8) 1.00
Major extracardiac malformation 25 (19.2) 2 (12.5) .73
Genetic syndrome 17 (13.1) 3 (18.8) .46
Surgeon .072
1 19 (14.6) 2 (12.5)
2 53 (40.8) 2 (12.5)
3 25 (19.2) 4 (25)
4 33 (25.4) 8 (50)
Age at surgery (d) 7 (1-91) 12.5 (1-64) .25
Weight at surgery (kg) 2.22  0.25 2.12  0.35 .26
Mean STAT score 3.61  1.1 3.69  0.94 .89
Pathway
Univentricular 36 (27.7) 5 (31.3) .77
Palliation toward biventricular 11 (8.5) 2 (12.5)
Biventricular 83 (63.8) 9 (56.3)
Timing of surgery .17
Usual 108 (83.1) 11 (68.8)
Delayed 22 (16.9) 5 (31.3)
Bypass 122 (93.8) 16 (100) .30
Bypass time (min) 110  50 102  48 .67
Postoperative complications 41 (31) 16 (100) <.0001*
Delayed chest closure 15 (11.5) 5 (31.3) .047*
Cardiac arrest 4 (3.1) 14 (87.5) <.0001*
Length of mechanical
ventilation (d)
4 (1-32) 12 (1-41) .09
Arrhythmia 11 (8.5) 7 (43.8) .001*
AV block requiring pacemaker 1 (0.8) 2 (12.5) .03*
Pulmonary complications 17 (13.1) 6 (37.5) .02*
Renal failure requiring dialysis 0 1 (6.3) .004*
Necrotizing enterocolitis 6 (4.6) 2 (12.5) .21
Early unplanned reintervention 7 (5.4) 2 (12.5) .25
Residual lesions at discharge 32 (24.6) 6 (37.5) .36
Multivariate analysis P value OR 95% CI
Gestational age (continuous, wk) .037 0.83 0.69-0.98
Data presented as mean standard deviation, n (%), or median (range), unless noted
otherwise. Factors of adjustment for multivariate analysis: surgeon, STAT score, pro-
cedure type (uni/biventricular), gestational age at birth. AGA, Average for gestational
age; SGA, small for gestational age; LGA, large for gestational age; AV, atrioventric-
ular; OR, odds ratio; CI, confidence interval; STAT, Society of Thoracic Surgeons-
European Association for Cardio-Thoracic Surgery. *Statistically significant.
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bypass in low-weight neonates, with significant emphasis
on obsessive fluid restriction such as priming volume
reduction17 and a lack of postoperative bleeding to avoid2504 The Journal of Thoracic and Cardiovascular Surblood product transfusions and the lack of a need for perma-
nent pacemaker implantation, cannot be overemphasized.
The greater risk of mortality seems, therefore, to be more
related to patient-dependent factors, especially prematurity,
such as was demonstrated in the risk analysis. Finally, that
major postoperative complications correlated highly with
early intervention (OR, 18.9) on multivariate analysis for
patients weighing<2.5 kg emphasizes the need to ‘‘get it
right the first time’’ and avoid being forced to take the pa-
tient back for revision or interventional catheterization.
The mortality rate after the Norwood procedure in
patients weighing<2.5 kg was low at 8% (n ¼ 2 of 25)
at our institution. The mortality rate for low-weight patients
undergoing a Norwood procedure in the series based on the
STS Congenital Heart Surgery Database was 30%,2 with
rates of 38% to 51% reported in other series.8,18,19
Moreover, the overall outcomes, other than hospital
mortality, such as postoperative LOS, early unplanned
reintervention rate, and mid-term mortality rate, in patients
weighing<2.5 kg were not greater than those for patients
weighing >2.5 kg. Such excellent early and mid-term
outcomes reported in our series and by others4,20 might
rely on the expertise acquired by a multidisciplinary team
dedicated to neonatal cardiac care in the setting of a
high-volume program.
The outcomes of the patientsweighing<2.5 kgwere inde-
pendent of the STAT risk category and the uni/biventricular
pathway in contrast to those weighing>2.5 kg. Curzon and
colleagues2 demonstrated in the STS database series that a
lower weight consistently increased the risk of mortality
after risk stratification. Palliation for a univentricular heart,
the diagnosis of hypoplastic left heart syndrome, and
performance of a Norwood procedure have been reported
as risk factors for adverse outcomes after cardiac
surgery in low-weight infants.1-4,8,19,21 The reason for
neutralization of the risk categories and univentricular
palliation as risk factors in our series does not seem to be
explained by a lack of statistical power, because the STAT
5 category group and univentricular pathway group were 2
of the most important groups in our series. The
neutralization of these factors in patients weighing
<2.5 kg seems to be related to the excellent outcomes
in the patients with hypoplastic left heart syndrome
(main procedure in the STAT 5 category group and
univentricular pathway group) in our series. We speculate
that the use of the right ventricle to pulmonary artery
conduit conferred a survival advantage to stage I palliation
in low-weight patients. In contrast to the Norwood
procedure, some specific procedures performed at a weight
<2.5 kg still seem to confer a greater risk of early mortality,
such as total anomalous pulmonary venous return repair or
aortopulmonary shunt for TOF. These findings are also
consistent with the STS data,2 in particular, with respect to
mortality after aortopulmonary shunts. The distribution ofgery c December 2014
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groups, and procedures was not equal: patients with a
STAT 4 category or palliation toward biventricular repair
or aortic arch repair had a lower mean gestational age than
those with a STAT 5 category, a univentricular pathway, or
a Norwood procedure, which might explain the better
outcomes in the STAT 5 category, given that, other than
postoperative cardiac arrest, a lower gestational age at birth
was the strongest and only risk factor that remained after
multivariate analysis.
The ‘‘usual’’ or ‘‘delayed’’ timing of surgery was not
associated with a greater risk of any of the outcomes in
this low-weight population, implying at first view that
delaying repair of congenital heart defects in low birth-
weight infants does not seem to confer a benefit. However,
it could also mean that the ‘‘delayed’’ patients benefitted
from the delay, because their outcomes could have been
worse had they undergone surgery at a ‘‘usual’’ time. These
findings are consistent with other published series.14,21-27 In
particular, a study from Toronto12 showed that for neonates
weighing<2.0 kg, imposed delays in intervention neither
compromised nor improved survival.
Our multivariate analysis demonstrated that low
gestational age at birth was the only independent risk factor
for early mortality in the low-weight patients. This major
variable could not be studied by Curzon and colleagues,2
because this variable was not captured by the STS
congenital database when that study was performed.
However, other studies have suggested a probable
negative role played by prematurity in this specific
population.3,9,15,28 Hickey and colleagues12 showed that
gestational age strongly influenced the subsequent risk
of death in a predictable way but was not a significant
independent risk factor in relation to low birthweight.
This risk factor has been confirmed by other studies29 and
should thus be taken into account in the treatment of such
patients, such as delaying birth to full maturity whenever
possible.
Regarding major extracardiac malformations, reports
of their influence on the risk of death in the studied
population have been contradictory.3,4,7,21,30,31 Such an
association is perhaps strongest in the subgroup of
patients undergoing a Norwood procedure.8,18 Similarly,
the presence of a genetic syndrome was not associated
with worse outcomes, in contrast to the report by Azakie
and colleagues.4 This could have been because two thirds
of patients with a genetic syndrome had either Down
syndrome or DiGeorge syndrome.
The present study was limited by its retrospective nature.
We were unable to answer the question of whether a
strategy of deferring surgical intervention for maturation
is beneficial. The patient population was very heteroge-
neous; thus, we could not provide much insight into the
therapeutic strategies that might be advantageous for aThe Journal of Thoracic and Cargiven clinical situation. The short follow-up period of the
study did not allow a good analysis of long-term mortality.
Finally, the present study did not include patients
weighing<2.5 kg admitted for surgical congenital heart
disease who did not undergo surgery (n ¼ 4). These 4 pa-
tients did not undergo surgery because of a contraindication
to cardiopulmonary bypass (severe prematurity-related
morbidity in 2) or because they had died with the surgery
already scheduled (n ¼ 2).CONCLUSIONS
Although a weight of<2.5 kg at surgery remains a risk
factor for early mortality, a dedicated neonatal cardiac
program can yield excellent outcomes for low-weight
neonates or infants independently of the STAT risk
category, uni/biventricular pathway, and surgical timing.
Such good outcomes also extended into the STAT 5 risk
category and univentricular pathway. The birthweight,
presence of extracardiac malformations, presence of a
genetic syndrome, STAT category, surgical strategy, timing
of surgery, and surgeonwere not associatedwith an increased
risk of hospitalmortality. A lower gestational age at birthwas
a major independent risk factor for early mortality.References
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of gestational age versus body weight on outcomes of neonatal
heart surgeryOsman O. Al-Radi, MD, MSc, FRCSCThe outcomes of heart surgery for neonates have improved
dramatically over the last few decades. Significant
incremental improvements in our understanding of the
pathophysiology, as well as surgical techniques and
perioperative care, have contributed to this positive change.However, both low body weight and prematurity are still
recognized predictors of adverse outcomes in these
patients.1,2 It is somewhat challenging to differentiate
which of the 2 factors has more predictive power because
the 2 factors are correlated and there is significant
variability in how these 2 seemingly simple measures are
recorded and reported in databases and in the literature.
The size of the child undergoing surgery is reported in
variable forms including body weight, body surface area,
or less frequently birth weight. There is even more
variability in the reporting of prematurity. The spectrum
includes reporting gestational age in weeks (mostly not
including added days), a binary designation as premature
at a certain cutoff point, or no reporting on prematurity
whatsoever.
This differentiation between weight and prematurity is
probably important. Theoretically, body weight is a
technical challenge that can be overcome by improvementsgery c December 2014
TABLE E1. Frequency of main procedures
Procedure
Group 1
(<2.5 kg;
n ¼ 146)
Group 2
(2.5-4.5 kg;
n ¼ 622)
P
value
Single ventricle
Norwood 25 (17) 141 (22.7) .14
Conduit or shunt 9 (6.2) 36 (5.8) 1
Isolated atrial septectomy 1 (0.7) 1 (0.2) 1
PA band 3 (2) 12 (1.9) 1
Right-side heart lesions
TOF, PA, VSD
Primary repair 12 (8.2) 30 (4.8) .11
Shunt palliation or unifocalization 12 (8.2) 20 (3.2) .01*
PA-IVS
RVOT repair 2 (1.4) 8 (1.3) 1
Shunt palliation 2 (1.4) 10 (1.6) 1
Pulmonary stenosis repair 2 (1.4) 3 (0.5) .24
Aortic arch lesions
Coarctation-hypoplastic arch:
aortic arch repair
8 (5.5) 57 (9.2) .19
Coarctation-VSD: aortic
arch þ VSD repair
8 (5.5) 32 (5.1) 1
Interrupted aortic arch repair 6 (4.1) 23 (3.7) .81
Simple/complex TGA
TGA-IVS: ASO 13 (8.9) 85 (13.7) .13
TGA-VSD: ASO þ VSD closure 8 (5.5) 33 (5.3) 1
TGA-VSD-PS
Complete repair 1 (0.7) 7 (1.1) 1
Palliation 0 6 (1) .62
Other
TAPVR repair 9 (6.2) 47 (7.6) .6
VSD
Primary repair 8 (5.5) 19 (3) .2
PA band 1 (0.7) 0 .2
Truncus arteriosus
Repair 7 (4.8) 14 (2.2) .1
PA band 1 (0.7) 0 .19
AVSD
Primary repair 2 (1.4) 3 (0.5) .24
PA band 0 1 (0.2) 1
Data presented as n (%). PA, Pulmonary artery; TOF, tetralogy of Fallot;
VSD, ventricular septal defect; IVS, intact ventricular septum; RVOT, right ventricular
outflow tract; TGA, transposition of the great arteries; ASO, arterial switch operation;
PS, pulmonary stenosis; TAPVR, total anomalous pulmonary venous return;
AVSD, atrioventricular septal defect. *Statistically significant.
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